The aim of this study was to determine the fate of foreign DNA molecules bound to porcine sperm that had been capacitated and acrosome reacted in vitro using calcium ionophore and then used in the in vitro fertilization of zona-free hamster ova and zona-intact pig ova. Fluoresceinated Pisurn sativurn agglutinin (PSA) labeling was used to differentiate between acrosome-intact and acrosome-reacted sperm. This revealed that up to 80% of the sperm treated with calcium ionophore were acrosome reacted. Up to 70% of these acrosome-reacted sperm were labeled with the foreign DNA at the postacrosomal region. Following association of DNA with the acrosome-reacted sperm, insemination droplets were prepared and zona-free hamster oocytes or zona-intact pig oocytes were added. The gametes were allowed to interact and then fixed and stained to visualize decondensed sperm heads that had penetrated into the oocytes. The sperm were stained with streptavidin peroxidases to detect the biotinylated foreign DNA bound to the decondensed heads. These studies revealed that 54% of fertilized hamster and pig oocytes contained decondensed sperm that had retained the post-acrosomal pattern of bound foreign DNA. After incubation with DNA-associated sperm, the oocytes were washed and cultured for 15-17 h. After fixation, up to 30% of hamster oocytes and 10% of porcine oocytes were found to contain sperm pronuclei. However, using the streptavidin peroxidase detection system, it was not possible to determine if any of these pronuclei contained the foreign DNA.
INTRODUCTION
Transgenic animals have been defined as "animals that have integrated foreign DNA into their germ line as a consequence of experimental introduction of DNA" [ 171. The established methods used for the production of transgenic animals involve manipulation of fertilized eggs or embryos. By introducing foreign genes at this early stage of development, they can become incorporated into a large proportion of the cells of the adult and, if incorporated into cells of the germ line, transgenic animal lines can be bred. The principal method for the introduction of foreign genes into mammals is by microinjection of naked DNA into one pronucleus of fertilized eggs. This technique of gene transfer was first described by Gordon et al. [19] and skepticism remains as to whether sperm may act as vectors of foreign DNA in the generation of transgenic mice. Using similar techniques, Horan et al. [ 1 I] reported that foreign DNA can bind to porcine sperm. Some 250 DNA molecules remained bound to each sperm after a rigorous regime of washes. In situ hybridization studies showed clearly that up to 30-70% of motile sperm carried DNA on the post-acrosomal region of the sperm. Later, it was demonstrated that this figure could be increased by 10% if the sperm-DNA mixtures were subjected to an electropermeabilizing pulse [12] . To extend these studies, the fate of foreign DNA was investigated after incubation with sperm capacitated and acrosome reacted in vitro.
Mammalian spermatozoa must undergo the acrosome reaction before effecting normal fertilization 1191. When spermatozoa that have been capacitated in the female genital tract come into contact with the egg, the plasma membrane and outer acrosomal membranes of the sperm head fuse, vesiculate, and disappear. This process is termed the acrosome reaction, without which the spermatozoon is unable to pass through the zona pellucida of the egg.
Various regimes that have been applied to achieve capacitation and the acrosome reaction in vitro include preincubation in estrous gilt [ 131 or rabbit [ 101 reproductive tracts, preincubation in culture medium supplemented with calf serum protein 1181, and treatment with calcium ionophore A23 187 [20] . High yields of fusiogenically functional human spermatozoa can also be prepared by exposing spermatozoa suspensions to an electrical pulse of 750-1500 V/cm for 2.5 msec [21] .
This study investigated the following questions about sperm acrosome reacted in vitro by calcium ionophore:
(1) Could these sperm associate with DNA in a similar manner to acrosome-intact, washed (2) Could these sperm, labeled with DNA, achieve in vitro fertilization of zona-free ham-(3) What was the initial fate of the bound DNA inside the egg? sperm? ster oocytes and zona-intact porcine oocytes?
MATERIALS AND METHODS

Sperm Preparation.
All experiments were carried out using porcine semen obtained from a Landrace boar (Deerpark Pedigree Pigs, Co. Londonderry, Northern Ireland). The boar semen was obtained unfrozen in diluent (Boar Diluent I ; Merck, Darmstaad, Germany) within 24 h. The medium used for the preparation of the porcine spermatozoa was a modified Tyrode's medium of Bigger, Whitten, and Whittingham (BWW) composition containing 0.5 % bovine serum albumin (Fraction V, ICN Biomedicals Ltd., High Wycombe, Bucks, UK). For sperm capacitation, two other forms of BWW were used: Foreign DNA and IVF 20 1
(1) High CA2+ BWW: BWW + 10 mM CaC12*2H20 + 10 mM caffeine + 20 mM Hepes; without (2) Low Ca2+ BWW: BWW + 2.38 mM KH,P04 + 2 % BSA and containing no CaCI,.2H20. KH2P04, BSA, or NaHCO, Care was taken to prepare the BWW solutions with double-distilled H,O to avoid the formation of carbonates. The osmolarity of the different forms of BWW media was maintained at 312 mOsm by adjusting the concentration of NaCl in the medium. All chemicals used in medium preparation were of Analar grade.
Sperm cells were capacitated using an antibiotic, A23187. The calcium magnesium salt of calcium ionophore A23187 was diluted to 1 mM in dimethylsulfoxide and stored at -70°C. Fertilized oocytes were cultured for 15-17 h in Ham's F-10 medium (Flow Labs, UK) supplemented with 20% heatinactivated fetal calf serum (Flow Labs), 100 IU/mL penicillin G , 50 pg/L streptomycin sulfate. This medium was equilibrated against 5% C02 and adjusted to pH 7.3 with 0.5M NaOH.
Motile Sperm Selection. Motile spermatozoa were selected using Percoll gradients [22] . Isotonic Percoll solutions with densities of 1.10 and 1.05 g/mL were prepared as BWW solutions [2] . The Percoll-containing medium for gradient centrifugation was prepared by mixing (95 % Percoll in 20 % Hepes buffer, pH 7.3-7.4, 360 mOsm, density 1.10 g/mL) with an upper layer (47.5% Percoll, 2.5% Hepes-buffered saline in complete medium, with an osmolarity of 335 mOsm, density 1.05 g/mL), and incubated at 37°C. Semen samples were warmed at 37 "C for 20-30 min. Aliquots (1 mL) of the samples were layered slowly over 2 mL prewarmed (37°C) Percoll solution in a 10-mL sterile plastic vial and centrifuged at 300g for 25 min at 37 "C in a swing-out centrifuge. The diffuse sperm pellet was washed twice in high Ca2+ BWW by centrifugation at 300g for 20 min.
Calcium Ionophore Capacitation. Sperm cells at a concentration of 2 x 107/mL were capacitated with CaZf ionophore. Ionophore was diluted to 20 pM in high Ca2+ BWW and this was added to 1 mL of the sperm concentration to give 0.5 pM solution of ionophore and incubated for 1 min at 20°C. This concentration of ionophore was previously determined to be most optimal for capacitation and in vitro fertilization [3] . Following treatment, 1 mL of low Ca2+ BWW was added to chelate ionophore with BSA .
Spermatozoa-DNA Interaction. Following sperm capacitation and acrosome reaction, a dilution giving a final concentration of 2 x 10' sperm/mL was prepared, to which 500 ng biotinylated DNA was added.
Preparation of Oligo-Labeled DNA. The DNA used in this study was MindIII. This form of DNA was used because it consists of a series of fragments of defined sizes ranging from 0.125 to 23 kb, derived from the digestion of the bacteriophage XDNA with the restriction enzyme Hind111 (XHindIII). Labeling of the DNA fragments was performed by using a nonradioactive isotope biotin 7-dATP. The fragments were oligo-labeled using a Prime-a-Gene system. The Prime-a-Gene labeling is based on the method developed by Feinberg and Vogelstein [8] in which a mixture of random hexadeoxyribonucleotides is used to prime DNA synthesis in vitro from any linear double-stranded template DNA. Briefly, 1 pg of denatured MindIII template DNA was incubated with 10 pL of labeling buffer, 2 pL of unlabeled dNTPs (500 pM), 2 pL acetylated BSA (1 mglmL), 5 pL biotin 7-dATP, and 2 pL of Klenow enzyme in a volume of 50 pL for 1 h at room temperature. The reaction was terminated by adding 5 pL of 0.5 M EDTA. The oligo-labeled DNA fragments were purified by precipitation in ammonium acetate/ ethanol [15] and finally resuspended in 55 pL of BWW. This was stored at -20°C until required. This DNA was incubated with the sperm sample for 30 min at 37 "C. Following the interaction, the samples were washed twice with low Ca2+ BWW by centrifugation at 300g for 2 s. Insemination droplets of 100 pL were prepared for different sperm concentrations and overlayed with 5 % C0,-equilibrated paraffin oil, to which zona-free hamster oocytes or zona-intact pig oocytes were added.
Acrosome Staining. To differentiate between acrosome-intact and acrosome-reacted sperm cells the cells were labeled with fluoresceinated Pisum sativum agglutinin (PSA). The stain intensely labeled the acrosomal region of acrosome-intact sperm. Acrosome-reacted sperm had diminished acrosomal labeling. Motile sperm were capacitated and the spermatozoa-DNA interaction was carried out as previously described. As a control, capacitated sperm without DNA at a concentration of 1 X 107/mL were fixed by resuspension in 95% ethanol for I h at 0°C. Slides were smeared and allowed to dry. Sperm cells were covered with a droplet of FITC-conjugated lectin at 100 pg/mL in PBS or distilled water for 5-10 min. The slides were rinsed by gentle agitation in a beaker of distilled water and mounted in CITIF-LUOR (anti-fading stain). Sperm cells with DNA were fixed in the same way. The DNA detection system and the fluorescent staining was performed as already described.
Collection of Zona-Free Oocytes.
For the assessment of zona-free penetration, the mature female golden hamster (Mesocricetus actratus) was selected because of the reliability with which ovulation may be induced in this animal and the suitability of the eggs for phase-contrast microscopy. Superovulation was induced in the hamsters by subcutaneous injection of 20 IU of pregnant mare serum (PMS) followed 72 h later by an intraperitoneal injection of 20 X U of human chorionic gonadotrophin (hCg). Oocytes were recovered 15-17 h later from the ampullae of excised oviducts into standard BWW. The cumulus oophoris was digested with hyaluronidase (1.5 mg/mL) (Boehringer, Mannheim) and the oocytes were washed twice. The zona pellucida of each oocyte was removed with trypsin (1.5 mg/mL) (Sigma Chemicals). The zona-free oocytes were washed twice with standard BWW before insemination.
Collection ofZona-Intact Pig Oocytes. Ovaries were removed from prepubertal gilts at a local slaughterhouse (Galway City Abattoir) and returned to the laboratory in saline (0.154 M NaC1) at 30°C within 1 h. Oocytes were collected by puncturing follicles which had diameters of 2-3 mm. The oocytes with cumulus cells were washed twice with saline and groups of 10-15 were cultured for 24 h at 37°C in an atmosphere of 5% CO, in air in 0.4 mL of BWW covered in warm paraffin oil.
Gamete Interaction. Spermatozoa without DNA were co-cultured with oocytes at 37°C in a 5% C0,:95% air, humidified atmosphere. At the end of a 3-h period, oocytes were washed in BWW and fixed for 24 h in 25% acetic acid, at room temperature. These were then stained with 0.5% aceto-orcein for examination by phase-contrast microscopy. This represented the control. Spermatozoa associated with DNA were incubated with oocytes and fixed in the same way. These slides were then ready for the biotin in situ visualization procedure [ 161. To achieve pronuclear formation, after 0.5-2 h co-culture, the oocytes (hamster or pig) were washed three times in Ham's F-10 to remove excess sperm bound to the plasmalemma and transferred to a 50-pL drop of medium F-10. The washed oocytes were fixed with 3: 1 ethano1:acetic acid and stained for biotin-labeled DNA [ 161 attached to the decondensed sperm heads.
In Situ Hybridization Visualization. ISH is based on the fact that labeled single-stranded fragments of DNA or RNA containing complementary sequences (probes) are hybridized to cellular DNA or RNA under appropriate conditions, forming stable hybrids. The nucleic acid detection system Histo-stain-SP kit was obtained from Cambridge Bio-Science. The kit utilizes a biotinylated second antibody, a horseradish peroxide-streptavidin conjugate, and a substrate-chromagen mixture to demonstrate antigen in cells or tissues. After ova fixation, the procedure of detection was as follows. Monoclonal biotin (Dakopatts) at a 1/30 dilution is applied at 37 "C for 30 min and washed in PBS for 5 min at room temperature. Biotinylated second antibody from the Zymed Histo-stain-SP kit (Cambridge Bio-Science, UK) was applied for 10 min at room temperature. The section was washed again in PBS and a 1/20 dilution of the streptavidin-peroxidase conjugate (Zymed) was applied for 5 min at room temperature. The detection protocol was completed by the addition of the substrate-chromagen mixture for 5 min at room temperature, washing in running tap water for 5 min, and bluing in hemotoxylin for 5 min before mounting in glycerine jelly.
RESULTS
Association of Foreign DNA with Acrosome-Reacted Porcine Sperm
The acrosome of sperm undergoes exocytosis shortly before fertilization. This acrosome reaction is required for sperm penetration through the zona pellucida of the egg and for fusion with the egg plasma membrane. Epifluorescence microscopy was used to distinguish between acrosome-intact and acrosome-reacted porcine spermatozoa. Unreacted sperm, permeabilized in ethanol and labeled with FITC-conjugated PSA, had intensely fluorescent acrosomal regions, with little label on the other regions. Sperm that had undergone the acrosome reaction lost most or all of the acrosomal contents and could clearly be recognized since much less PSA bound to the sperm head. Using calcium ionophore, it was established that 80% of the sperm were acrosome reacted.
Epifluorescence microscopy was also used to determine if the acrosome-reacted sperm could be associated with the foreign DNA. It was found that the activated sperm retained their ability to bind foreign DNA, 70% of them being labeled with the DNA. The binding pattern appeared as a strong band at the post-acrosomal region. Thus, the specificity of the binding of the DNA to the sperm was unaffected by the activation treatment. Having shown that the acrosome-reacted sperm had associated with the foreign DNA, it was then necessary to establish whether they were still capable of in vitro fertilization.
In Vitro Fertilization Studies with Zona-Free Hamster Ova
Following acrosome reaction of the porcine sperm by calcium ionophore, high levels of penetration of zona-free hamster oocytes were observed. Repeated experiments revealed that the mean number of penetrated pig sperm heads that were decondensing in each oocyte was 7-8. In the absence of ionophore treatment of sperm, none of the oocytes were observed to be penetrated. Following a 90-min period for gamete interaction, the gametes were transferred to Ham's F-10 and cultured for a further 16-18 h to achieve pronuclear formation. From several experiments, the average number of pronuclei observed in each hamster oocyte was found to be 2-3.
Zona-free hamster oocytes were next added to ionophore-treated sperm which were associated with the foreign DNA and cultured for 16-18 h in Ham's F-10 before fixation. Eight different experiments examining over 500 oocytes revealed that 54 % of decondensed sperm heads carried DNA at the post-acrosomal region. In 30% of these oocytes, pronuclei were also visible. Microscopic examination revealed that the foreign DNA was bound to the decondensed pig sperm head as a strong band at the post-acrosomal region as previously reported. The pronuclei were also strongly stained but with this method we could not determine whether host DNA or foreign DNA was present.
In Vitro Fertilization Studies with Zona-Intact Porcine Ova
Porcine oocytes were removed from follicles and were cultured for 24 h at 37°C in an atmosphere of 5% CO, in air. Following acrosome reaction of the pig sperm and association with foreign DNA, insemination droplets were prepared and porcine eggs added. The gametes were allowed to interact for 1-1.5 h and then transferred to Ham's F-10 and cultured for 16-18 h. Decondensed sperm heads were observed within the porcine ova, and in some cases decondensed heads labeled with foreign DNA with sperm tails still attached could be observed. In 5 different experiments examining over 500 oocytes, 60% of the decondensed heads were labeled and in about 10% of the oocytes, pronuclei were visible. Some of these pronuclei showed strong staining at the center. As with the zona-free hamster egg experiments, it was not possible to determine the nature of this staining, i.e., whether foreign or host DNA was present.
DISCUSSION
Following our previous reports on the association of foreign DNA with porcine spermatozoa, and the effect of electroporation on this association [I 1, 121, it was necessary to investigate whether these sperm were capable of fertilization in vitro and to determine the initial fate of the foreign DNA molecules they carried. This study shows that porcine sperm labeled with biotinylated DNA are, in fact, capable of fertilization in vitro and that the DNA retains the same pattern of post-acrosomal binding on the decondensed sperm head. It was unclear using our DNA detection system whether any of the pronuclei in the zygote contained foreign DNA.
Our initial aim was to study the DNA-sperm association after in vitro capacitation and acrosome reaction of the sperm using calcium ionophore treatment. Epifluorescence microscopy using the PSA assay proved to be a particularly rapid and accurate method for detecting the loss of acrosomal contents. Some acrosome-reacted sperm retained an equatorial band of PSA receptors, while others did not. These two classes probably corresponded to sperm with equatorial acrosomal segments either intact or missing, respectively. These two types of sperm may be different functionally because, although both types bind to the plasma membrane of zona-free hamster oocytes, only sperm with intact equatorial segments fuse with the oocyte plasma membrane. When labeled DNA was added to capacitated sperm, 75% of acrosome reacted sperm bound the DNA. This figure is similar to that reported for acrosome-intact, washed sperm [I I].
The sperm-penetration assays, using both hamster and porcine ova, revealed that 54-60% of decondensed heads were labeled with the DNA. The penetration of the sperm into the egg is a very rapid process, and it probably takes no more than a few minutes for the head of the sperm to pass through the zona. The entry of the sperm head into the vitellus occurs readily in vitro and has been observed on several occasions. The head sinks into the vitellus and, within a few minutes in the case of humans, mice, and hamsters, begins to undergo a series of changes leading to the formation of the male pronucleus. However, in the case of pigs the process of pronuclear formation seems to take much longer. For this reason the gametes were incubated for 15-17 h at 37 "C in an atmosphere of 5% CO,. During these events the sperm is often quite immotile. Penetration into the vitellus thus appears to be a function of the vitellus itself. However, nothing has been observed to suggest that the midpiece or tail are ever taken into the vitellus before the head. DNA appears to remain bound to the post-acrosomal region
